Clostridium cellulovorans, an anaerobic bacterium, produces a small nonenzymatic protein called HbpA, which has a surface layer homology domain and a type I cohesin domain similar to those found in the cellulosomal scaffolding protein CbpA. In this study, we demonstrated that HbpA could bind to cell wall fragments from C. cellulovorans and insoluble polysaccharides and form a complex with cellulosomal cellulases endoglucanase B (EngB) and endoglucanase L (EngL). Synergistic degradative action of the cellulosomal cellulase and HbpA complexes was demonstrated on acid-swollen cellulose, Avicel, and corn fiber. We propose that HbpA functions to bind dockerincontaining cellulosomal enzymes to the cell surface and complements the activity of cellulosomes.
Many clostridia produce a cellulolytic complex called the cellulosome (11) , which consists basically of a nonenzymatic scaffolding protein and cellulases and hemicellulases (2, 4) . Cellulosomes can degrade plant cell materials very efficiently. There has been increasing interest in cellulosomes both for their inherent cellulosic activity and their possible use for converting plant biomass into sugars and biofuels.
In Clostridium cellulovorans, the hbpA gene is a component of a large cellulosomal gene cluster which contains the genes for the scaffolding protein CbpA, for exoglucanase ExgS, for mannanase ManA, a number of endoglucanases, and HbpA (19) . HbpA is a small nonenzymatic protein with a molecular weight of 24,940 and contains a surface layer homology (SLH) domain and a cohesin domain that is similar to the cohesins found in the scaffolding protein CbpA (16) . However the role of HbpA has remained unclear. A similar protein found in Clostridium cellulolyticum, OrfXp, was found to contain a cohesin and was localized to the membrane of C. cellulolyticum and not detected in the cellulosome (14) . OrfXp was able to interact with all the cellulosomal enzymes, although its binding of the enzymes was weaker than the binding of type I cohesins present in CipA. It was proposed that OrfXp played some role either in the assembly of the cellulosome or in the degradation of the substrate.
In order to obtain a better understanding of the role of HbpA, we have analyzed its interaction with two cellulosomal enzymes and its ability to bind to polysaccharides and the cell wall fraction from C. cellulovorans. We have demonstrated that HbpA can bind to cellulosomal cellulases and enhance cellulase activity towards microcrystalline cellulose. We propose that HbpA attached to the cell surface binds cellulosomal enzymes and complements the activity of the cellulosomes.
MATERIALS AND METHODS
Bacterial strains. C. cellulovorans strain ATCC 35296 was used for the isolation of the genomic DNA. Escherichia coli strain C600 (22) and Bacillus subtilis WB800 (20, 21) were used in this study.
Plasmid construction for HbpA-His, miniCbpA1-His, EngB-His, and EngLHis. The plasmid vectors used in this study were pWB1000 and pDG148 (1) . To generate pWB1000, a fragment which contains an amp gene and an ori replicable in E. coli was amplified by PCR from pBR322 using a primer pair (GAACAA TTGCAGGAAAGAACATGTGAGC and TGAGAATTCTTGAAGACGAA). The fragment was digested with MunI and EcoRI (New England Biolabs) and then ligated with pWB980, which was digested with EcoRI. The resulting vector, pWB1000, was designed as a shuttle vector. The plasmids used to produce HbpA-His, miniCbpA1-His, EngB-His, and EngL-His were constructed as follows. DNA fragments encoding each gene were amplified by PCR from the C. cellulovorans genomic DNA with LA Taq DNA polymerase (Takara), with the use of appropriate combinations of primers: hbpA-His6, GTCGTCGACGTCA AACAGTAAAGATTCTAGTAGT and GCAGCATGCTCAGTGGTGGTGG TGGTGGTGCTTTCCATTTGTAGTTTTTACTTC; minicbpA1-His6, GTCG TCGACATGAGGGGGAGCAATTATGCA and GCAGCATGCTCAGTGGT GGTGGTGGTGGTGGATAGTTACTGTTCCT; engB-his6, GTCGTCGACG ACAAATAATATATTTTGGAGGA and GCAGCATGCTCAGTGGTGGTG GTGGTGGTGGCTTAAAAGCATTTTTTTAAGAAC; engL-his6, GTCGTC GACGACTTAGAAATATATAAATAGGGGGAT and GCAGCATGCTCAG TGGTGGTGGTGGTGGTGACCAAGAAGTAACTTTTTAAGAAG.
The fragments contained SalI and SphI sites (underlined) for inserting the PCR fragments into pWB1000 (hbpA-his) and pDG148 (minicbpA1-his, engB-his, and engL-his). For cloning these genes, E. coli C600 clones with introduced plasmids were selected on Luria-Bertani agar plates containing 50 g/ml ampicillin. After cloning, the DNA sequences were checked with sequences in the NCBI database.
Transformation of B. subtilis. Transformation of B. subtilis WB800 was carried out basically by the method of Spizizen (17) . To obtain transformants, 30 g/ml of kanamycin (for pWB1000) or 20 g/ml of neomycin (for pDG148) was used in the selection plates.
Purification of HbpA-His, miniCbpA1-His, EngB-His, and EngL-His. To produce and secrete miniCbpA1-His and cellulosomal endoglucanases, B. subtilis recombinants were grown to early log phase (optical density at 600 nm ϭ 0.2) in 500 ml of Super rich medium at 30°C and then 0.5 mM of isopropyl-␤-Dthiogalactopyranoside (IPTG) was added. After an additional incubation of 6 h at 30°C, growth medium supernatants were obtained by centrifugation. In the case of the production and secretion of HbpA-His, B. subtilis harboring pWBhbpA-his was grown in 500 ml of Super rich medium for 8 h. Then growth medium supernatant was obtained by centrifugation. The supernatants were loaded onto Ni-nitrilotriacetic acid-agarose columns. After elution, the proteins were concentrated by a polyethersulfone centrifugation concentrator (Viva Science, Goettingen, Germany).
Determination of protein concentration. Protein concentration was measured by using the method of Bradford (3) with a protein assay kit from Bio-Rad, with bovine serum albumin as the standard.
Assembly of HbpA or miniCbpA1 and cellulosomal endoglucanase. The purified HbpA-His or miniCbpA1-His and the recombinant cellulosomal subunits (equal molar) were mixed in 15 l of binding buffer (25 mM sodium acetate buffer [pH 6 .0], 10 mM CaCl 2 ) and kept for 1 h at 4°C. The assembly of HbpA-His6 and the cellulosomal subunit was confirmed by native polyacrylamide gel electrophoresis (PAGE) as described below.
SDS-PAGE. Sodium dodecyl sulfate (SDS)-PAGE was performed with 10% polyacrylamide by the method of Laemmli (10) . Proteins were visualized by Bio-Safe Coomassie staining (Bio-Rad).
Native PAGE. Native PAGE was performed with 4 to 15% polyacrylamide (Bio-Rad).
Enzyme assays. Enzyme activity was assayed in the presence of a 0.5% (wt/vol) concentration of each substrate at 37°C in 50 mM sodium phosphate buffer (pH 7.0). Enzyme concentrations were 10 nM (HbpA-His), 5 nM (EngB-His), and 4.25 nM (EngL-His). To investigate synergistic effects, HbpA-His was added to 0, 5, 10, 20, and 50 nM for EngB-His or 0, 4.25, 8.5, 17, and 42.5 nM for EngL-His. Reaction samples (500 l) were collected at appropriate times and immediately mixed with 500 l of chilled 0.38 M sodium carbonate containing 1.8 mM cupric sulfate and 0.2 M glycine. The reducing sugars were determined by reductometry by the Dygert method (5). Incubations with acid-swollen cellulose (ASC), Avicel, and corn fiber were for 6 h, 12 h, and 24 h, respectively. All assays were repeated three times.
Interaction of HbpA-His with cell wall fragments of C. cellulovorans. Preparation of cell wall fragments of C. cellulovorans followed the method of Kosugi et al. (8) . Binding experiments were carried out by incubating and cosedimenting each recombinant protein with cell wall fragments. One microgram of HbpA-His was mixed with 50 l of cell wall fraction, and reaction volume was increased to 200 l with 50 mM sodium phosphate buffer (pH 7.0). The reaction mixtures were incubated for 1 h at 37°C with shaking. The bound and free proteins were separated by centrifugation at 16,000 ϫ g for 20 min at room temperature. The supernatant consisted of the soluble fraction. A wash fraction was obtained after washing the cell wall with 50 mM sodium phosphate buffer (pH 7.0). The pellet, consisting of the insoluble cell wall fragments and attached proteins, was washed with the same buffer and then resuspended with 200 l of the same buffer. Each fraction was analyzed by SDS-PAGE and then Western blotting, as described below.
Affinity of HbpA for insoluble polysaccharides. One microgram of HbpA-His was incubated for 1 h at 37°C with shaking in 300 l of 50 mM sodium phosphate buffer (pH 7.0) containing Avicel, chitin (Sigma), and oat-spelled xylan (Sigma) at a concentration of 25 mg/ml as insoluble polysaccharides. Free HbpA-His was separated by centrifugation at 16,000 ϫ g for 5 min at room temperature. The supernatants were labeled as supernatant fractions. The pellets were suspended in 300 l of 50 mM sodium phosphate buffer (pH 7.0) and labeled as precipitate fractions. Each fraction was analyzed by SDS-PAGE and then Western blotting as described below.
Western blotting. Western blotting was performed by using anti-His antibody conjugated with horseradish peroxidase (HRP) (Invitrogen). After electrophoresis, the gel was soaked in transfer buffer (25 mM Tris, 192 mM glycine, 10% methanol). Proteins in the gel were transferred onto a polyvinylidene difluoride membrane (Millipore) using the semidry blotting method and then neutralized with phosphate saline buffer (PBS). Skim milk (1%) in PBS was used for blocking at room temperature for 1 h, and then anti-His antibody conjugated with HRP was added (1:5,000), and the mixture was incubated at room temperature for 2 h. The membrane was washed with PBS for 5 min three times. To detect the signal, ECL-plus (Amersham) was used. The signals were exposed onto X-ray film (Fuji film) for appropriate times.
RESULTS AND DISCUSSION

Comparison of domains of HbpA with CbpA and EngE.
Since the HbpA sequence revealed domains that were similar to those of surface layer proteins, a study comparing of the SLH domains in HbpA, CbpA, and EngE and comparing the cohesin domain of HbpA with those of CbpA was done. The SLH domain in HbpA had 16.7% to 19.7% similarity to the SLH domains in CbpA and EngE. SLH domains within CbpA (about 48%) and EngE (from 50 to 70%) have higher similarity to each other than to the SLH domain in HbpA. The SLH domains in CbpA (7) and EngE (18) are able to bind to the cell surface and have been implicated in the binding of the cellulosome to the cell surface.
Since cohesins are involved in binding cellulosomal enzymes through their dockerin domains to form cohesin-dockerin interactions, we compared the cohesin sequence of HbpA to those of the nine cohesins present in CbpA. The cohesin domain in HbpA had various degrees of similarity to the cohesin domains in CbpA, from 26.9% to 32.1%. As with the SLH domain, cohesins in CbpA are very similar (about 80%) except for cohesin 9, but the cohesin of HbpA is very different from the cohesins in CbpA. From these comparisons, the origin of the SLH and cohesin domains of HbpA appears to be different from the origin of those of CbpA and EngE. These results also suggest that the properties of the HbpA domains might be different from those of the CbpA and EngE domains.
Construction of plasmids for expression of C. cellulovorans genes in B. subtilis WB800. In order to test whether the cohesin domain of HbpA was able to bind cellulosomal enzymes, we constructed expression plasmids for HbpA, miniCbpA1, and the cellulosomal enzymes EngB and EngL (see Materials and Methods) (Fig. 1) The vector pDG148 is also a shuttle vector containing a SalI-SphI cloning site and an IPTG-inducible promoter. minicbpA1, engB, and engL were cloned into pDG148; their products had their original Shine-Dalgarno and signal peptide sequences and His 6 tags at their C termini. Expression of the C. cellulovorans genes had no effect on the growth rate of B. subtilis (data not shown). The C. cellulovorans genes were expressed, and their products were secreted successfully by B. subtilis (Fig. 2) . These results indicated that the Shine-Dalgarno and signal peptide sequences from C. cellulovorans also worked in B. subtilis and that the secreted proteins were folded into active forms.
Interaction between HbpA-His and cellulosomal cellulases and their synergistic effect. To demonstrate interaction between HbpA-His and EngB-His, we mixed the proteins in binding buffer and then performed native PAGE to look for the formation of an HbpA-EngB complex. miniCbpA1-His was also used as a binding competitor of HbpA-His. In native gel, each protein formed a single band, except that the EngL-His band was very diffuse (data not shown). As shown in Fig. 3A , lane 4, Eng B formed a complex with HbpA in vitro. In Fig. 3A , lane 5, EngB also formed a complex with miniCbpA1 as expected. However, the complex which consisted of HbpA-His and EngB disappeared when miniCbpA-His was added to the reaction (Fig. 3A, lane 6) . In Fig. 3B , mixtures of EngB-His and HbpA-His were analyzed for formation of the EngB-HisHbpA-His complex. These results indicate that the cohesin domain of HbpA has the ability to bind to the dockerin domain of EngB but that the binding is weaker than that with the cohesin in miniCbpA1-His. These properties are similar to those of OrfXp (14) .
Synergistic effects between CbpA and cellulosomal cellulases and hemicellulases were observed (9, 12, 13) . For the purpose of determining enzymatic activity and any synergism between HbpA and the cellulosomal enzymes, we measured the glucanase activity of the complexes against ASC, Avicel, and corn fiber. There was no apparent synergistic effect when endoglucanases and HbpA-His were present at a 1:1 molar ratio, but, at a higher ratio of HbpA-His to enzymes, the glucanase activity increased ( Table 1 ). The synergistic activities of HbpA and EngB or EngL reached 1.58-and 1.25-fold for ASC, 2.19-and 1.74-fold for Avicel, and 1.83-and 2.40-fold for corn fiber when 10ϫ HbpA-His was added in the reaction solution. HbpA and EngL had higher activity towards cellulose Kosugi et al. showed that SLH domains of CbpA and EngE had the ability to attach these proteins to the cell wall of C. cellulovorans (7, 8) . HbpA has also an SLH domain, but its amino acid sequence has low similarity to those of EngE. Therefore we investigated whether HbpA has the ability to bind to the cell wall of C. cellulovorans. As shown in Fig. 4 , HbpA did bind to the cell wall fragments of C. cellulovorans. In spite of the low similarity of the amino acid sequences of the SLH domains of HbpA and EngE, the results indicate that the SLH domain of HbpA plays a role similar to that of the SLH domains of EngE, i.e., to bind the protein to C. cellulovorans cell walls.
Binding of HbpA-His to several polysaccharides. Table 1 showed that HbpA might have the ability to bind polysaccharides. To prove that hypothesis, we examined whether HbpAHis could bind to cellulose, chitin, and xylan. As shown in Fig.  5 , HbpA-His did bind to those polysaccharides. From these results, HbpA could bind not only to the cell wall of C. cellulovorans but also to polysaccharides such as cellulose, chitin, and xylan. Thus, HbpA can bind not only to cellulosomal enzymes but also to the cell wall and to the substrate. These properties are very similar to those attributed to CbpA (7).
In C. cellulolyticum, the production of ORFXp is induced by the presence of cellulose (14) . The authors suggested that ORFXp had an important role in cellulose degradation or in facilitating cellulosome assembly in the vicinity of the membrane. In C. cellulovorans, hbpA is located in a large cellulosomal gene cluster and seems to be in an operon with engL (19) . Han et al. showed that many cellulases were induced by cellulose (6) . As in C. cellulolyticum, HbpA might be induced by the presence of cellulose. A paralogue also exists in a large gene cluster in Clostridium acetobutylicum (15) . C. acetobutylicum cannot grow in a medium which contains cellulose as a sole carbon source. However, by analogy to C. cellulovorans and C. cellulolyticum, the OrfXp of C. acetobutylicum might work cooperatively with other cellulosomal subunits.
Here we demonstrated that HbpA bound to the cell wall of C. cellulovorans and to polysaccharides such as Avicel, chitin, and xylan. HbpA also formed a complex with EngB and EngL via a cohesin-dockerin interaction, and the HbpA-enzyme complex had higher activity. This synergistic activity is particularly interesting, since it implies that either the formation of the complex results in a conformational change of the enzyme resulting in higher activity or the HbpA-bound enzyme complex may be bound more efficiently to the substrate, resulting in higher activity.
In any case, we suggest that the role of HbpA is to anchor cellulosomal cellulases to the cell surface and to bind to polysaccharides to facilitate cellulosomal enzyme activity. Furthermore the HbpA-enzyme complexes may complement the activity of the cellulosome. 
